Abstract A charcoal was produced from primary pulp mill sludge and then used for the adsorptive removal of diclofenac, salicylic acid, ibuprofen and acetaminophen. A main aim was to assess the utilization of this material for the tertiary treatment of sewage. For this purpose, the adsorption of the selected pharmaceuticals from the secondary effluent of a sewage treatment plant (STP) was compared with their adsorption from ultrapure water. Differences in the adsorption kinetics and equilibrium were evident between the four pharmaceuticals considered. However, differences between the adsorption from the two aqueous matrixes considered were negligible. It was hypothesized that synergetic microorganism removal compensated the competitive effects in wastewater. 
Introduction
The pulp and paper industry is a strategic economic sector in Europe that largely contributes to the European Union (EU) financial growth and job creation (CEPI, 2013) . However, a main counterpart is that pulp and paper production processes are very demanding in terms of energy and water and this industry is considered one of the most polluting in the world (Ince et al., 2011) . As a consequence of the high water consumption, large wastewater volumes are generated by the pulp and paper industry. This wastewater must be treated before discharge in order to accomplish with environmental regulations (Pokhrel and Viraraghavan, 2004) . Therefore sludge from wastewater treatment is an unavoidable waste for the pulp and paper industry. Elliott and Mahmood (2005) estimated that around 50 kg of dry sludge result from the production of a tonne of paper, of which approximately 70% is primary sludge and 30% is secondary sludge. Thermal valorization may be considered a viable management choice for such wastes given that landfilling has been prohibited at the EU and that alternatives such as agriculture application or composting are not viable due to the composition of sludge from the pulp and paper industry (Me´ndez et al., 2009) .
Among thermal valorization options for the pulp and paper wastes it is pyrolysis, also called destructive distillation (Monte et al., 2009) . It involves the heating of the organic waste in the absence of oxygen yielding a mixture of gaseous and liquid fuels, with a solid inert residue (char). Yang et al. (2013) reported that gas, liquid (bio-oil) and char and gas yields were 11, 10 (27.9 daf, wt%) and 79 wt%, respectively, and that the bio-oil, with a higher heating value (HHV) of 36.5 MJ kg À1 and low oxygen content, supplied heat enough to power a diesel engine. Then, Ridout et al. (2015) proved that the bio-oil yield could be increased by fast pyrolysis. However, in practice, pyrolysis is not a preferred management option for paper industry wastes (Monte et al., 2009) . Adding some value to the solid residue (char) from pyrolysis would undoubtedly boost this waste-to-energy management choice. The practical utilization of char as adsorbent for wastewater treatment is a way to do it. In this sense, chars from different paper waste materials have been used to adsorb trace metals (Me´ndez et al., 2009 ) and pharmaceuticals (Calisto et al., 2014 ) from water. Traditionally, pharmaceuticals were not considered as environmental pollutants, but at present they constitute a group of great concern among emerging contaminants (ECs). Pharmaceuticals were designed to cause a physiological response and their presence in the environment may affect non-target individuals and species, which has raised alarms for possible impacts on human health (Santos et al., 2010) . The way that ECs enter the environment depends on their pattern of usage and mode of application but, in the case of pharmaceuticals coming from human use and/or excretion, municipal sewage treatment plants (STPs) are important sources in the aquatic environment (Farreé t al., 2008) . Actually, STPs were conceived to reduce the concentration of legislated parameters, such as chemical oxygen demand (COD), biological oxygen demand (BOD), total suspended solids (TST) and nutrients but not emerging contaminants (ECs), such as pharmaceuticals. However, it is expected that in the nearer future more strict legislation will come out on the discharge of pharmaceuticals. In fact, pharmaceuticals have been included in the first observation list of the Water Framework Directive (WFD). Removal of these pollutants at STPs could be attained by the inclusion of a tertiary treatment before discharge. Among the several treatment options, adsorptive processes have been pointed to have large potential for the removal of ECs from water as they do not imply the generation of transformation products (Bolong et al., 2009; Priac et al., 2014) . Furthermore, adsorptive treatments are advantageous from a practical point of view, due to their convenience incorporation into current water treatment processes (Domı´nguez et al., 2011) .
In this context, research on the adsorptive removal of ECs and, namely, pharmaceuticals from water has largely increased in the last years. However, most of the published works report the adsorption of this sort of pollutants onto different adsorbents from distilled or ultrapure water but not from real wastewater. However, a main issue for the applicability of any adsorbent in tertiary treatment is the study of its utilization for pharmaceuticals adsorption from real wastewater. Therefore, this work aimed to assess the utilization of pyrolyzed paper mill sludge for the removal of pharmaceuticals from wastewater by comparing their adsorption from the secondary effluent of a STP with their adsorption from ultrapure water. For this purpose, the selected pharmaceuticals were pain relievers, namely diclofenac, ibuprofen, salicylic acid and acetaminophen. These pharmaceuticals belong to the anti-inflammatory and/or analgesic groups and among the most commonly used of all medications in the world and, consequently, also among the most frequently found drugs in STP effluents and natural waters.
Materials and methods

Adsorbent materials
Primary sludge (PS) was collected from a mill that employs the kraft elemental chlorine free (ECF) pulp production process, which operates exclusively with eucalyptus wood (Eucalyptus globulus). PS, which is produced at an average rate of 20 kg per ton of air-dried pulp, results from fibers rejected after the cooking/digestion pulping step and losses of fibers and other solids which occur when liquid effluents are involved (for example, washing and bleaching). After collection, PS was dried at room temperature and then subjected to oven drying at 60°C, blade milled and pyrolyzed in a Nu¨ve muffle (MF 106, Turkey). The pyrolysis was carried out at 800°C under N 2 saturated atmosphere (N 2 flow of 0.5 dm 3 min
À1
) during 150 min. The pyrolysis of PS to obtain PS800-150 was meticulously described by Calisto et al. (2014) , and a summary of the main properties of this char is displayed in Table 1 . A detailed characterization of PS800-150, namely total organic carbon, FTIR, 13 C and 1 H solid state NMR and SEM analysis may be found elsewhere (Calisto et al., 2014) .
Chemicals and analytic methods
Diclofenac sodium (P99%), salicylic acid (P99%) and acetaminophen (P99%) were purchased from Sigma-Aldrich (Steinheim, Germany) while ibuprofen sodium (P98%) was purchased from Fluka. Main properties of these compounds are depicted in Table 2 .
The target pharmaceuticals were analyzed by a Jasco HPLC apparatus equipped with a PU-980 pump, a detector UV-Vis Barspec, a phenomenex C18 column (5 lm, 110 Å , 250 Â 4.6 mm), a Rheodyne injector and a 50 lL loop. The wavelengths of detection were 276.5, 220, 236 and 246 for diclofenac, ibuprofen, salicylic acid and acetaminophen, Table 1 Main properties of primary sludge from the paper industry before (PS) and after pyrolysis (PS800-150) (adapted from Calisto et al. (2014) 
Wastewater from a municipal STP
Aiming the practical utilization of pyrolyzed primary pulp mill sludge in tertiary wastewater treatment, adsorption of pharmaceuticals from real wastewater was tested. Thus, for this work, the secondary effluent was collected from the STP of Leo´n (Spain). This secondary effluent is directly discharged at the Bernesga river, a tributary of the Esla river that is 77 km long and goes through the town of Leo´n. This STP consists of primary and secondary stage treatments. The primary stage comprises the following treatments: screening, sand removal, fat removal and primary clarification. Then, the secondary stage involves a plug-flow activated sludge with nitrification/ denitrification followed by secondary clarification. The plant was designed to treat the wastewater of 330,000 equivalent inhabitants and has an inflow of 123,000 m 3 day À1 with a hydraulic retention time (HRT) of about 6 h.
Wastewater quality parameters, namely pH, conductivity, total suspended solids (TSS), biological oxygen demand at five days (BOD 5 ), chemical oxygen demand (DQO), NTK, N-NH 4 , N-NO 3 , N-NO 2 , total P-PO 4 , were determined by using Standard Methods (APHA-AWWA-WPCF, 2001). Obtained results are given in Table 3 .
Adsorption experiments
Adsorption experiments were performed using a batch experimental approach. For each pharmaceutical, adsorption kinetic experiments were first carried out in order to determine the time necessary to attain equilibria (t eq ). Then equilibrium experiments were done to determine the corresponding adsorption isotherm. All experiments were carried out by shaking (250 rpm) a known mass of PS800-150 together with 100 mL of wastewater in 250 mL Erlenmeyer flasks. Initial concentration of each target pharmaceutical in wastewater was 100 ± 1 mg L À1 . All experiments were done in triplicate and at a constant temperature of 25 ± 2°C by means of a thermostatically regulated incubator. Triplicate control experiments, with no adsorbent, were run in parallel with adsorption experiments in order to verify whether the concentration of the target pharmaceutical was stable throughout the duration of the experiments.
In the kinetic experiments, Erlenmeyer flasks were progressively withdrawn from the shaker after pre-set time intervals. Then, from each flask, three aliquots were taken, filtered and chromatographically analyzed to determine the concentration of the target pharmaceutical. The amount of each pharmaceutical adsorbed onto PS800-150 at each time, q t (mg g À1 ), was calculated by a mass balance relationship as follows:
) is the initial liquid-phase concentration of pharmaceutical, C t (mg L À1 ) is the liquid-phase concentration of pharmaceutical at a time t (min), V is the volume of the solution (L) and W is the mass (g) of PS800-150.
For equilibrium experiments, Erlenmeyer flasks were shaken during 1000 min in order to guarantee the equilibrium, as inferred from kinetic results. Then, from each flask, three aliquots were taken, filtered and chromatographically analyzed to determine the equilibrium concentration (C e , mg L À1 ) of the target pharmaceutical. The amount of each pharmaceutical adsorbed onto PS800-150 at the equilibrium, q e (mg g À1 ) was calculated by the following mass balance relationship:
For comparison purposes in terms of capacity, equilibrium experiments were also carried out following the same procedure but using ultrapure water as aqueous matrix.
Modeling of adsorption results
The experimental kinetic results were fitted with the pseudo first-order (Lagergren, 1898) and the pseudo second-order (Ho and McKay, 1999) equations. Both the pseudo-first order (Eq. (3)) and the pseudo-second order (Eq. (4)) are empirical rate equations based on the overall sorption rate:
where k 1 (min À1 ) and k 2 (mg g À1 min) are the pseudo-first and the pseudo-second order rate constants, respectively. 
1.8 ± 0.1
Note: Each ± stands for standard deviation of three analytical replications. In order to describe the adsorption equilibrium results, different non-linear models were tried. First of all, fittings to the main two parameter isotherms, namely the Freundlich isotherm (Freundlich, 1906) and the Langmuir isotherm (Langmuir, 1918) , which are described by Eqs. (5) and (6), were determined. Then, the Sips isotherm (Sips, 1948) , which is a combined form of Langmuir and Freundlich and a three parameter model, as described by Eq. (7), was also tried.
where K F is the Freundlich adsorption constant (mg g À1 (mg L À1 ) À1/n ); n is the degree of non-linearity; Q m is the maximum adsorption capacity (mg g
) À1/n ) are the Langmuir and LangmuirFreundlich affinity coefficients, respectively.
Results and discussion
The parameters analyzed on the secondary effluent used in this work (Table 3) The kinetic experimental data on the adsorption of diclofenac, ibuprofen, salicylic acid and acetaminophen from the secondary effluent of a STP and from ultrapure water are shown in Figs. 1 and 2 , respectively, together with fittings to the pseudo-first order and the pseudo-second order kinetic equations. Parameters determined from these fittings are depicted in Table 4 .
As it may be seen in Fig. 1 , under identical experimental conditions, when the equilibrium is reached, the adsorbed mass of each pharmaceutical on PS800-150 from the secondary effluent was different. Clearly, the drug showing the lowest adsorbed mass is salicylic acid. Furthermore, it is evident that the adsorption of acetaminophen is slower than that of the rest of drugs. Mostly, experimental results are better fitted Removal of pharmaceuticals from municipal wastewaterby the pseudo-second order equation than by the first order one, which is confirmed by the R 2 and S yx values in Table 4 . The kinetic constant k 2 decreases from salicylic acid > diclofenac > ibuprofen > acetaminophen. Furthermore, the k 2 corresponding to the adsorption of acetaminophen is an order of magnitude lower than the k 2 determined for the adsorption of the other pharmaceuticals here considered. On the other hand, the fitted q e for the adsorption of salicylic acid is an order of magnitude lower than for the rest of drugs.
Kinetic results on the adsorption of the considered pharmaceuticals from ultrapure water are given in Fig. 2 . As for the adsorption from the secondary effluent, fittings to the pseudosecond order equation are better than those to the pseudo-first order one; salicylic acid was the one showing the lowest adsorbed equilibrium concentration (q e ), which was an order of magnitude lower than for the rest of pharmaceuticals; and the adsorption of acetaminophen was the slowest one with a k 2 an order of magnitude lower than for the rest of drugs. From ultrapure water, the kinetic constant k 2 also decreases from salicylic acid > diclofenac > ibuprofen > acetaminophen. When comparing the adsorption kinetics of each pharmaceutical from wastewater ( Fig. 1 ) with its adsorption from ultrapure water (Fig. 2) , differences are not especially relevant as confirmed by the pseudo-second order kinetic parameters in Table 4 . Equilibrium was attained quite quickly from either the STP secondary effluent or ultrapure water, for all the pharmaceuticals equilibrium being attained within 200 min. In any case, under the experimental conditions here used, the kinetic constant k 2 was slightly higher (diclofenac, salicylic acid, ibuprofen) or equal (acetaminophen) for the adsorption from the secondary STP effluent than from ultrapure water. On the other hand, the adsorbed concentration in the equilibrium (q e ) was slightly higher (diclofenac, ibuprofen) or equivalent (salicylic acid, acetaminophen) from ultrapure than from the secondary STP effluent.
The equilibrium experimental data on the adsorption of diclofenac, ibuprofen, salicylic acid and acetaminophen from the secondary STP effluent and from ultrapure water are shown in Figs. 3 and 4 , respectively, together with fittings to the isotherm models considered. Parameters determined from these fittings are depicted in Table 5 .
The equilibrium isotherms obtained for the adsorption of the pharmaceuticals from the STP effluent (Fig. 3) show some differences regarding the adsorption capacity and shape of isotherm. The adsorption capacity decreases from diclofenac > ibuprofen % acetaminophen > salicylic acid. These capacity differences must be related to the drugs properties, among which S w and log K ow seem to have been especially determinant (Calisto et al., 2015) . With respect to the isotherm, fittings to the Sips model are the most accurate for diclofenac, ibuprofen and acetaminophen. However, for salicylic acid, ambiguous fittings to the Sips isotherm were obtained, while both the Langmuir and, especially, the Freundlich isotherm models fitted experimental results. These observations are confirmed by parameters in Table 5 , which make evident differences between the capacity and the isotherm model fittings.
As shown in Fig. 4 , the adsorption equilibrium of pharmaceuticals from ultrapure water mostly resembles their adsorption from the STP secondary effluent. The equilibrium capacity also decreases from diclofenac > ibuprofen % acetaminophen > salicylic acid and the Sips isotherm model Table 4 Kinetic parameters obtained from the fittings of experimental results on the adsorption of each pharmaceutical to the pseudo-first and to the pseudo-second order equations. is the one that better fits experimental results, except for salicylic acid. In this last case, the best fittings were obtained by the Freundlich isotherm model. Parameters in Table 5 support these remarks, as it may be seen by the Q m and the R 2 and S yx obtained for each pharmaceutical.
When comparing the equilibrium isotherms obtained for the adsorption of the considered pharmaceuticals from the STP secondary effluent and ultrapure water, differences are not outstanding. Focusing on the Sips isotherm model parameters (Table 5) for comparing the adsorption of diclofenac, ibuprofen and acetaminophen, several remarks may be made. First, considering the associated deviations, the Q m values determined for the adsorption from the STP effluent and from ultrapure water are equivalent. In the case of the K LF , which is usually related to the affinity of the adsorbent toward the adsorbate, each pharmaceutical showed a different pattern. Equal K LF were determined for diclofenac while higher values were determined in ultrapure water than in the STP secondary effluent for ibuprofen and acetaminophen. Therefore, it may be inferred that the adsorption affinity for these last pharmaceuticals may be affected by the complex matrix of the STP effluent.
Finally, the shape of the adsorption isotherms revealed a favorable process, with n > 1, which points to the fact that the adsorbents are efficient not only removing high but also low concentrations of these pharmaceuticals. In any case, higher n values were determined for the adsorption of these pharmaceuticals from ultrapure water than from the STP effluent. With respect to salicylic acid, the Freundlich isotherm parameters in Table 5 will be used for the comparison of its adsorption from the two different aqueous matrixes. In terms of adsorption affinity, a higher salicylic acid adsorption coefficient K F was obtained for the adsorption from ultrapure water. In the case of n, it was larger than 1 either from ultrapure water or from the STP secondary effluent, but a larger value was determined for the adsorption from ultrapure water. Therefore, some matrix effects must have affected the salicylic acid adsorption from the STP effluent. In any case, as it was for the rest of the pharmaceuticals, the adsorption capacity remained the same from both ultrapure water and the STP secondary effluent, which is a key issue for the application of the charcoal here produced for an adsorptive tertiary treatment of wastewater. Our results differ from those by Sotelo et al. (2012) , who determined the adsorption isotherms of diclofenac and isoproturon using three carbonaceous materials (activated carbon, multiwalled carbon nanotubes and carbon nanofibers), found that the single adsorption capacity of these drugs was higher in ultrapure water than in real wastewater. Similarly, Kovalova et al. (2013) determined the adsorption isotherm and batch kinetic data using two powdered activated carbons to assess the removal of the pharmaceuticals 5-fluorouracil (5-Fu) and cytarabine (CytR) from ultrapure water and from a wastewater treatment plant effluent. These authors (Sotelo et al., 2012; Kovalova et al., 2013) found that the presence of organic matter in wastewater lowered the pharmaceuticals adsorption uptake. Using natural organic matter (NOM), Saravia and Frimmel (2008) showed that its presence slightly reduced the adsorption of pharmaceuticals, namely carbamazepine, clofibric, diclofenac, and iohexol on activated carbon. On the contrary, Me´ndez-Dı´az et al. (2012) found that an increased adsorption capacity of phthalic acid (PA) from wastewater than from ultrapure water occurred onto two different activated carbons, which was attributed to the action of microorganisms in wastewater. In fact, Combarros et al. (2014) proved that the formation of bacterial biofilm on the surface of a commercial activated carbon increased the adsorptive removal of salicylic acid from water. In fact, it is possible that the synergetic microorganism action may have compensated the competitive effect of organic matter so that the removal capacity remains the same when using the produced charcoal for the removal of diclofenac, salicylic acid, ibuprofen and acetaminophen. It must be highlighted that, it was verified in this work that the pharmaceuticals concentration in controls (ultrapure or STP secondary effluent, in the absence of charcoal) remained constant throughout the duration of all the experiments.
Unfortunately, no other than the here referred works have been found in the literature on the comparative kinetics or isotherms in ultrapure and wastewater for the adsorption of pharmaceuticals. Therefore, it is not possible to further contrast our findings with results by other authors and with other adsorbent materials. From our point of view, this sort of study is essential for the application of any adsorbent in the tertiary treatment of wastewater. Note: Each ± stands for standard deviation of three experimental replications.
Conclusions
A charcoal, obtained by the pyrolysis of primary pulp mill sludge, was proved to be able to adsorb diclofenac, salicylic acid, ibuprofen and acetaminophen either from ultrapure or from an STP secondary effluent. Adsorption equilibrium of these pharmaceuticals was attained within 200 min in all cases, the kinetics being described by the pseudo-second order equation. Both from ultrapure water and from the STP secondary effluent, the kinetic constant k 2 decreased from salicylic acid > diclofenac > ibuprofen > acetaminophen. Equilibrium results were appropriately described by the Sips isotherm model, except for salicylic acid, adsorption equilibrium of which was better described by the Freundlich isotherm. Both from ultrapure water and from the STP secondary effluent, the adsorption capacity decreased from diclofenac > ibuprofen % acetaminophen > salicylic acid. For each of these pharmaceuticals, neither the removal velocity nor the capacity decreased when using the produced charcoal in a real wastewater matrix with respect to its utilization in ultrapure water.
Competitive effects of substances present in wastewater may have been compensated by the synergetic removal of pharmaceuticals by microorganisms.
